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We experimentally studied intense femtosecond pulse filamentation and propagation in water for Gaussian, Laguerre-
Gaussian, and Bessel-Gaussian incident beams. These different transverse modes for incident laser pulses were created 
from an initial Gaussian beam by using a computer generated hologram technique. We found that the length of the 
filament induced by the Bessel-Gaussian incident beam was longer than that for the other transverse modes under the 
conditions of the same peak intensity, pulse duration, and the size of the central part of the beam. To better understand 
the Bessel-Gaussian beam propagation, we performed a more detailed study of the filament length as a function of the 
number of radial modal lobes. The length increased with the number of lobes, implying that the radial modal lobes serve 
as an energy reservoir for the filament formed by the central intensity peak. 
 
Light filaments formed by femtosecond laser radiation 
propagating in nonlinear media [1, 2] facilitate a number of 
applications, including remote sensing [3-5], attosecond 
physics [6-8], and lightning control [9].  In such settings, 
extended filaments are desirable, but although various 
techniques aiming to prolong their length have been 
explored [10-12], the substantial extension of optical 
filaments continues to attract considerable interest, and 
much still remains to be understood [13].  
Since  filamentation is a result of the prevailing of the 
Kerr self-focusing of an intense pulse over the defocusing 
by the self-generated weak plasma and the effect of free 
electrons [14], one can expect that different incident laser 
transverse modes should also exhibit different filament 
propagation dynamics. The ideal Bessel beams are known 
to be diffraction-free beams when they propagate in 
vacuum [15, 16]. Although ideal Bessel beams do not exist, 
the use of approximate or quasi-Bessel beams has long 
been suggested in diverse areas of optical physics, since 
such beams maintain long propagation lengths in optical 
media by virtue of the strongly suppressed diffraction of 
their central lobe over long distances [17, 18].  
When a Bessel beam is compared to a Gaussian beam 
with the same beam diameter, it shows a remarkable 
resistance to diffraction during propagation [19]. Recent 
theoretical studies on filamentation  dynamics in Ar gas of 
intense femtosecond beams with different transverse 
modes have shown that the cross-sectional profile of the 
laser beam  in Bessel modes remain undistorted [20] 
during propagation over long distances, the outer part of 
the Bessel beam serves as an energy reservoir for the 
filament that is formed around the central portion [21]. 
Recently, Scheller and colleagues have experimentally 
shown that the propagation of a femtosecond laser filament 
in air can be substantially extended by an appropriate use 
of a surrounding auxiliary dressing beam, continuously 
supplying  energy to the filament [22]. It is a seminal idea 
that the length of the energy transmission by the filament 
can be strongly affected by the transverse profile of a beam. 
In liquids the Kerr nonlinearity is about two orders of 
magnitude larger than in gases [23], and therefore the 
nonlinear effects develop on a shorter distance and require 
less power. Therefore, in this study we experimentally 
investigate filament propagation dynamics in water with 
intense femtosecond pulses of Gaussian beam (GB), 
Laguerre-Gaussian beam (LGB), and Bessel-Gaussian 
beam (BGB) profiles with similar peak intensities, pulse 
durations, and beam diameters. Particular emphasis is 
placed on the incident BGB and a more detailed study of 
the mode structure on its propagation. 
The transverse modes of GB and LGB and BGB are 
described respectively by the following spatial field 
amplitude: 
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 Laser modes  were created from an initial GB of a 
Ti:sapphire laser system (pulse duration of 50 fs, central 
wavelength of 800 nm, and an output energy of 1 mJ per 
pulse at a 1 kHz repetition rate) by using a beam expander 
and computer-generated holograms [24, 25] displayed on a 
liquid crystal spatial light modulator (Hamamatsu LCOS-
SLM X10468-2). The SLM had a resolution of 800x600 
pixels (16 mm x 12 mm), and a maximum reflectivity of 
>95% for radiation between 750 nm and 850 nm. Figure 1 
shows an illustration of the experimental setup used. The 
laser beam passing through a beam expander (not shown) 
illuminates the SLM with a phase-amplitude encoded 
hologram set by a computer to produce a desired optical 
beam in the 1st diffraction order. Such grayscale computer-
generated holograms for GB, LGB and BGB, prepared 
with a MATLAB code, were displayed on the SLM’s LCD 
via a digital visual interface connection. An illustration of 
the computer-generated hologram used to produce a BGB 
in the first diffraction order is shown in the inset of Fig. 1. 
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We note that the SLM creates a quasi-Bessel amplitude-
phase distribution that together with the Gaussian 
distribution of the incident beam produces a BGB, which 
has a limited cross section and a finite number of lobes. 
With all optical losses, including the loss on the SLM, 
which employs off-axis holography to generate the beam 
modes, the incident power of the Gaussian beam mode with 
a 300 µm diameter at FWHM on the water cell was 
measured as 270 mW at the entrance of the cell. 
Consequently, for the repetition rate of our laser system (1 
kHz) and the pulse duration (50 fs), we obtained an input 
peak power of 5.4 GW per pulse.  
When the initial power in the produced optical beam 
exceeds a critical value inside the optical medium, 
nonlinear optical self-focusing effects become important 
and initiate a catastrophic collapse of the beam, which is 
restrained by the plasma formation, inducing defocusing. 
The filamentation phenomena occur with the resulting 
dynamic balance of self-focusing and plasma defocusing. 
For this reason, the sufficient peak power of Pin =5.4 GW, 
which is much larger than the critical power for self-
focusing in water, Pcr =3.6 MW, assured filament formation 
in water, as was observed previously [26, 27]. Indeed, hot 
spots in the beam producing white light corresponding to 
multiple filament formation were directly observed in our 
experiments. Much care was also taken to ensure that the 
produced beams had similar peak intensities, pulse 
durations, and beam diameters. The peak intensity and 
diameter were determined from the measurements with a 
power meter interchanged with a CCD camera; the 
measurements with the latter required additional neutral-
density filters in front of it. We kept the distance between 
the SLM and the glass cell as short as possible to minimize 
the diffraction of the beams [28]. The beams were passed 
through a 13 cm-long glass cell, which was arranged 
vertically to allow us to measure the power and spectrum 
as a function of the propagation distance by changing the 
water level in the cell with a programmable infuse/ 
withdraw syringe pump (Harvard PHD 2000). A 
mechanical iris was used to select the central portion of the 
beam.  An optical flat was positioned after the cell to reflect 
a small portion of the beam into the integration cavity. 
Spectral measurements were taken as a function of the 
propagation distance by collecting the radiation in the 
cavity with an Ocean Optics USB-2000 spectrometer. 
Simultaneously, power measurements were obtained 
using a photodiode power meter head (Ophir PD300-IR) 
with a spectral range within 700-1800 nm. In order to 
measure the incident beam power after the water cell, a 
long-pass glass filter (RG-780) was placed in front of the 
power meter to filter out white-light. A LabVIEW code was 
used to control the infusing and withdrawing of water via 
a syringe pump, and to acquire the values from the power 
meter and the spectrum. Figure 2 shows spectra of the GB, 
LGB, and BGB, which were obtained by measuring over 
the central lobe of the beams as a function of the 
propagation distance. The corresponding experimentally 
created beam modes are shown in the right panel of Fig. 2. 
The self-focusing effect took place near the entrance of 
the beam into the cell (the self-focusing length of ~ 2cm), 
and the changes due to nonlinear effects in the spectral 
profiles of all three types of beams were observed during 
subsequent propagation. The spectrum for the incident GB 
mode has the greatest depletion as the pulse propagates in 
the nonlinear medium followed by that of the incident LGB 
mode. The spectral profile of the incident BGB exhibits the 
least depletion among the three transverse modes as a 
function of distance.  
To better understand the propagation of a BGB, we 
investigated their propagation dynamics by varying the 
number of radial lobes. Figure 3 depicts the experimentally 
created beams. The desired number of lobes of BGB was 
determined by using a radial holographic knife-edge 
realized with a computer generated hologram on SLM [25]. 
The power and spectrum were measured from only the 
central lobe of the resulting BGB.  
Fig. 1 (Color online) Experimental setup:  SLM,  spatial 
light modulator; SP, syringe pump; GC,  glass cell with an 
optical window; FG, flat glass (4% reflectivity at 45 deg.); 
IR-F or ND-F, infrared filter or neutral density filter to 
measure the incident beam; PM, power meter; IC, 
integrated cavity; SM, spectrometer. The inset under the 
SLM is an example hologram used to create a BGB with an 
intensity distribution illustrated in the top-right inset. 
Fig. 2 (Color online) Spectral profiles of the (a) GB, (b) 
LGB, and (c) BGB measured over the central lobes as a 
function of the propagation distance. The corresponding 
experimentally created input beam modes are shown in 
the right panel. 
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The central part of the beam had a diameter of 300µm 
and was similar to the FWHM of the GB. This portion of 
the beam was selected by the mechanical iris positioned 
after the water cell and in front of the power meter or the 
opening of the integration cavity. The spectra measured for 
BGB as functions of propagation distance are shown in Fig. 
4. The effect of increasing number of radial lobes can be 
seen by an increase in the propagation distance of the 
central part of the beam. This increase is most noticeable 
when 1, 2 or 3 lobes are added.  
In Fig. 5, we show the infrared power measured for only 
the central peak of the BGB with different number of radial 
lobes as a function of the propagation distance. With each 
additional radial lobe we observe the trend of an increasing 
power delivered to a given propagation distance within the 
range of distances 2-6 cm. At distances 6-8 cm the delivered 
power for beams with small number of lobes (1-2) decreases 
faster, while the beams with multiple lobes (>2) show 
similar power decay rate, but maintain a higher power, as 
compared to the beam with just a single central peak.  
For distances longer than 10cm the delivered power from 
the beams with 1 and 2 additional lobes (Fig. 3 (b,c)) is close 
to the power of the beam with no lobes (Fig. 3 (a)), while the 
power of the beams with multiple lobes (>3) preserves a 
level higher than that for the beam with no lobes.   
The trend of propagation distance elongation was 
recently demonstrated experimentally by using dressed 
beams, where the central Gaussian beam is surrounded by 
auxiliary dressing beam, which is wider and has a lower 
intensity [22]. Since a Bessel-like beam, which has an 
annular structure, possesses an inward energy flux 
towards its optical axis [29], it is expected to be well suited 
to replenish the filament core, as is confirmed by our 
measurements. Also, when we compare our results with 
recent theoretical studies on filamentation of femtosecond 
beams with different transverse modes in Ar gas [20, 21], 
we  see a similar effect that the central core in BGB mode 
is sustained for a longer propagation distance (compared to 
GB and LGB). In addition, we have shown that increasing 
the outer part of the BGB helps to maintain the energy in 
the central peak, thus this outer part serves as an energy 
reservoir for the filaments formed in the central portion of 
the beam.  
In conclusion, we experimentally investigated the 
propagation of intense femtosecond pulses in water for 
different incident beam profile configurations. Among the 
three different transverse modes (GB, LGB and BGB), the 
length of propagation of BGB for similar characteristics of 
the central part of the beam (peak intensity, pulse 
duration, and beam diameter) is considerably longer than 
for the other beams as determined by the measurements of 
the decay of the spectral and total power. A more detailed 
study of the BGB with different number of the radial lobes 
indicates that the outer part of the BGB serves as an 
energy reservoir, so that the filaments formed at the inner 
part can persist for a long propagation distance with 
increasing number of radial lobes. Our findings clearly 
indicate the high potential of BGB for various nonlinear 
optics applications involving the propagation of ultrafast 
pulses in a Kerr medium.  
This work was supported by the Robert A. Welch 
Foundation Grant No. A1546 and the Qatar Foundation 
under the grant NPRP 6 - 465 - 1 - 091. 
Fig.4. Experimentally created modes of the incident BGB: 
(a) central peak of the beam with no lobes and (b-j) central 
peak with additional radial lobes. 
Fig. 5  (Color online) Spectra of the central lobe of the BGB 
with different number of radial lobes and measured as a 
function of the propagation distance. 
Fig. 3 (Color online) IR power measured for the central 
peak of the BGB with the different number of radial 
lobes as a function of the propagation distance. 
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